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Abstract 
CO2- and solid-state lasers are the most widely used beam sources. Owing to their different physical beam characteristics, 
these two types of laser differ fundamentally not only in how the beam is guided but also in their process behavior during 
deep penetration welding. Almost all industrial applications in thick material > 8 mm have to be full penetration welds to 
increase fatigue strength, for example in ship building, pipeline construction, train and rail construction or power-train, 
Holzer et al., 2011. Therefore process behavior and limits at full penetration will be analyzed in detail for both beam 
sources. 
 
© 2013 The Authors. Published by Elsevier B.V.   
Selection and/or peer-review under responsibility of the German Scientific Laser Society (WLT e.V.) 
 
Keywords: Thick sheet welding; High power laser; Disk laser; CO2-laser; Process behavior; Dropping 
1. Introduction 
High-power CO2-lasers with high beam quality have been available on the market since the 1980s. As a 
result, manufacturers and users have accumulated considerable knowledge about the application of CO2-
lasers. They produce deep penetration welds of excellent seam quality while achieving high process reliability 
and generating little spatter. 
In terms of performance and beam parameter product the latest solid-state lasers have advanced into the 
domain of CO2-lasers. However, the two laser technologies differ  depending on the feed rate  with regard 
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to penetration depth and weld quality. When welding with solid state laser at an incorrect parameter setup, so-
called dropping on the root side of the work piece can occur. By high speed imaging the influence of 
parameter variations on the process behavior will be visualized leading to a model which can explain the 
differing process behavior. 
2. Experimental setup 
During all tests blind welds are produced in 12 mm mild steel. A Yb:YAG disc laser (TruDisk 16002) with 
 = 1,03 μm as well as a rapid-flow CO2-laser (TruFlow 10000)  = 10,6 μm from TRUMPF Laser- und 
Systemtechnik GmbH are used as beam sources. The focusing conditions used are summarized in Table 1. 
Table 1. Comparison of the focusing conditions and laser parameters for the CO2- and solid-state laser. 
 TruDisk 16002 TruFlow 10000 
 1,03 μm 10,6 μm 
Maximum output on the work piece 16 kW 10 kW 
Beam parameter product BPP 8 mm*mrad 6,7 mm*mrad 
Rayleigh length zR 1,9 mm 4,3 mm 
Focal length f 200 mm 280 mm 
Focal diameter df  300 μm 340 μm 
Focal position FP -3 mm 5 mm 
Process / Shielding gas 40 l/min compressed air 16 l/min Helium 
 
The evaluation of the seam quality is performed on the basis of cross sections and bead qualities. To test the 
influence of different process parameters on melt bath and process dynamics the process is visualized by a 
high speed camera. The positioning of the camera is partially altered for the individual tests and is 
summarized in Figure 1. 
 
Capillary
8°
46°
1
2
3
4Feed direction  
Fig. 1. Camera-based process observation. Summarized positions of the camera. 
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3. Welding Experiments 
3.1. Solid State Laser (SSL) 
Because the chosen process parameters indicate a strong influence in regard to seam quality, laser power is 
gradually increased, starting at the full penetration threshold with varying feed rates until a strong melt 
ejection occurs. 
The analysis of the process limits referring to the laser power are carried out at the feed rate of v = 1 m/min 
and the focal position of FP = -3 mm first. In figure 2 the resulting seam quality depends strongly on the laser 
power used. Achieving the full penetration threshold at 7.5 kW dropping appears initially, which causes a 
strong undercut on the top side of the work piece. By an increase of the laser power to 8.5  9.5 kW a high 
seam quality is obtained. This range is called laser power bandwidth (LPB). A further increase to P = 10 kW 
leads to melt ejections at the bottom side of the work piece. Thereby the process window is limited when the 
laser power is too high. 
For further analysis of different influences on the welding outcome, the produced weld seams are 
qualitatively evaluated on the basis of top and bottom seam quality of the welds. Thereby a rating of 1 to 7 is 
assigned. A high quality seam without any undercuts and a homogenous seam is given the rating 1, strong 
melt ejections are rated with a score of 6 and dropping with the score 7. Seams with a rating lower than 2.5 
cannot be used in the industry for most applications with high demands on quality. 
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Fig. 2. Rating of the welding quality in dependency of the laser power (left). Pictures of the top and bottom side of the weld (middle) and 
high speed imaging (right) in dependency of the laser power at full penetration welds with SSL in steel 1.0038 at FP = -3 mm and 
v = 1 m/min. 
By high-speed imaging the melt bath dynamics at the bottom side of the work piece can be observed. In the 
individual images the position of the laser beam exit is marked by a dashed line and that of the melt by a 
dotted line, figure 2 (right). Thereby a strong influence of the exit position of the melt at the bottom side of 
the work piece can be proven. Due to dropping an offset of several millimeters contrary to the feed rate 
direction of the exit position of the melt referring the exit position of the laser beam can occur. By increasing 
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laser power the exit position of the melt removes in feed rate direction, until it remains quite constant beyond 
9.5 kW at a maximum offset of about 1.1 mm. At this power range the melt on the bottom side of the 
workpiece is redirected behind the rear wall of the capillary to the top side of the work piece, which can be 
explained by surface tension forces. This  occurs between 8.5  9.5 kW leading to a high 
seam quality. As in this power range no opening of the capillary at the bottom side of the work piece is 
formed, no downward directed spatters are observable. By increasing laser power to P = 10 kW melt is ejected 
on the bottom side of the work piece decreasing the seam quality considerably. The consequential lack of 
energy causes a reduction in the distance between the exit position of melt and laser beam, Rominger, 2012. 
By an increase in laser power, the amount of downward ejected melt increases further. At P = 13 kW the 
volume of ejected melt is so considerable, that it results in a full separation of the work piece. This process 
behavior can be assigned to the so-called vapor-pressure fusion-cutting process (VPFC), Schaefer and 
Olschowsky, 2010. 
 
In the following the melt dynamics during the examination of dropping is analyzed more in detail by a high 
speed observation in Fig. 3 at different point of times and point of views, which are combined in schematic 
process description and melt flow behavior in Fig. 4. 
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Fig. 3. Coaxial recordings of the upper side (left), sidewise observation of the bottom side of the work piece (middle) and corresponding 
exit position of the melt referring to the laser beam position (right).  
In the sidewise process visualization in fig. 3 no constant capillary opening can be observed. At the 
formation of a hump (A), the laser cannot propagate through to the work piece due to insufficient power. 
Thereby the vertical melt flow is redirected sidewise to work piece and accumulating in the drop. With 
increasing time the exit position of the melt moves against the feed direction (B-D) with a speed of 
v = 0.93 m/min which is corresponding to the feed rate approximately. After a certain stabilization of the exit 
position of the melt, the laser can break through the work piece (E) which changes the melt dynamics 
significantly. This is the starting of the formation of a new drop. Since this behavior repeats quite periodical, 
the drops occur in regular distances. In fig. 3 (left) the corresponding behavior on the top side of the work 
piece is shown. It can be seen that the melt flow around the keyhole and the resulting melt film thickness 
changes strongly and correspond with the formation behavior of the drops. 
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Fig. 4. Schematic description of dropping behavior based on combination of the diagnostic methods. 
The laser power is also varied over a big range for the different feed rates of v = 0.2  2.0 m/min. The 
resulting process regimes are shown in figure 5. It can be seen that the range, in which a good seam quality 
can be achieved, mainly depends on the feed rate. Independent of the feed rate dropping forms out when 
achieving the power threshold for full penetration welding. For feed rates < 1.5 m/min the dropping region 
can be crossed by increasing power. But at too strong increase of laser power a lot of melt ejection occurs at 
the bottom side restricting the power level range which is an indication of process stability. For low feed 
around v  0.5 m/min (R2) a satisfying seam quality can be obtained. But due to the low feed rate the 
conduction is high resulting in very wide seams, which tends to sagging at too much power. 
At v = 1 m/min a high seam quality can be obtained over a big power level range (welding range R1). This 
power level range is decreasing significant by further increasing the feed. Beyond v > 1.5 m/min no more 
satisfactory seam quality can be achieved. Either dropping builds out at insufficient power, or the melt is 
strongly ejected on the bottom side of the work piece, which also causes strong undercut. 
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Fig. 5. Process behavior and resulting process window in dependency of power and feed rate (left). High speed imaging of full 
penetration welds in 12 mm 1.0038 with TruDisk at different feed rates and corresponding laser power for best quality, Rominger, 2012.  
This behavior can be explained by a stronger inclination angle of the capillary front at increasing feed rates 
(at the corresponding power level for the best quality), which can be seen in the changing exit position of the 
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melt in the high speed recordings in fig. 5 (right). For low feed rates the exit position of the melt is in front of 
the laser propagation axis (1.1 mm at v = 1 m/min). In contrast, for v > 1.5 m/min the exit position of the melt 
is beyond the laser propagation axis for all power levels. This leads either to the formation of dropping at 
insufficient power due to the melt redirection at the bottom side of the work piece or to strong melt injections 
by increasing power. 
3.2. CO2-Laser 
The process behavior of the CO2-Laser differs fundamentally from the behavior of the SSL. The rating of 
seam quality at v = 1 m/min and FP = 5 m/min is shown in figure 6 (left). In the power range from P = 6.5 
 6.8 kW is a transition zone between partial and full penetration, whereby the rating 3 is given. By increasing 
power there is a full penetration over the welding length and an excellent seam quality is achieved and 
reached over a big and robust laser power bandwidth from P = 7 - 10 kW. 
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Fig. 6. Rating of the welding quality in dependency of the laser power (left). Pictures of the top and bottom side of the weld (middle) and 
high speed imaging with CO2-Laser at full penetration welds with SSL in steel 1.0038 at FP = 5 mm and v = 1 m/min (right). 
Contrary to the solid state laser, in the high-speed camera recordings (fig. 6, right) a capillary opening on 
the bottom side of the weld, which is located in the range of the beam propagation axis, can already be 
recognized at the full penetration threshold. From this opening a part of the laser power can transmit. The 
strong melt flow under the capillary, which occurs at the SSL, cannot be recognized with the CO2-Laser. 
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Fig. 7. Top and bottom side of weldings in 1.0038 with TruFlow and a laser power of P = 10 kW at different feed rates. 
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Due to this behavior the seam quality is much less depended on the feed rate at a power level of P = 10 kW 
(see fig. 7), whereby much bigger and more robust process windows than with the SSL are obtained. At 
v = 2 m/min a slim weld with spatter free upper beads on the top and bottom side of the work piece occurs. By
reducing feed, the seam width and the sagging of the root side increases due to the stronger influence of 
conduction. At the same time an increasing amount of laser energy can transmit through the capillary opening 
on the bottom side which also increases the downward directed spatter behavior. But this melt ejection is not 
strong enough to cause undercuts in the weld seam whereby the seam quality stays high.
4. Comparison of process behavior for SSL and CO2-Laser
It has been shown, that solid state lasers and CO2-laser differ fundamentally in their process behavior 
during deep penetration welding in mild steel, whereby strong differences in robustness and seam quality
occur (table 2).
Table 2. Comparison of the resulting process windows for the SSL and CO2-Laser.
Process window SSL CO2-Laser
r range in kW at v = 1 m/min 8.5 to 9.5 7 to 10
Feed rate in m/min at Pmax = 10 kW 0.5 to 1.4 0.5 to 2.0
By using high speed imaging from different point of views, cross sections and longitudinal cuts of
combination welds of mild steel and stainless steels the differing melt flows of the two lasers can be shown.
The results can be integrated in 2 model hypothesis, which show main influencing factor on process dynamics
as the flow direction of the melt, Figure 8.
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Fig. 8. Schematic description of process behavior at high-quality full penetration welds with the SSL (left) and the CO2-Laser (right)
based on combination of the diagnostic methods high speed imaging, cross sections and longitudinal cross sections of welded mild steel-
stainless steel joints.
The seam quality produced by the solid-state laser strongly depends on the welding parameters and
focusing conditions used. The welding quality also reacts quite sensitively to disruptions in the process.
However, at an optimal power of P = 9 kW and a feed rate of v = 1 m/min and FL = -3 mm excellent quality
with a spatter free root side can be obtained. Due to a strong undercurrent of the capillary and the resulting
high melt film thickness the laser does not break through melt, whereby no opening of the capillary opening 
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occurs. The melt behind the back of the capillary to the work piece surface 
as a result of the surface tension forces. Yet, even light variations of these parameters can cause a 
considerable decrease in seam quality. The resulting process windows concerning the process parameters are 
listed in Table 2. 
Welds with the CO2-Laser at a maximum power of P = 10 kW show a stable process behavior over a big 
feed range up to 2 m/min. Only a slight vertical underdrift of the capillary occurs. This can be penetrated by 
the laser beam, causing downwards directed melt spatters. Therefore increasing power excess causes more 
pronounced spatter formation on the underside, but nevertheless a high quality seam was always produced 
within the tested parameter ranges. In addition a low dependency of the process behavior concerning the focus 
position was observed. 
 
The different behavior of the melt-flow can be explained by the absorption property of the laser radiation 
on the surface of the molten weld pool, which depends on the wavelength and the angle of incidence and 
which physically is the main difference between the two beam sources (Fig. 9, left). 
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Fig. 9. Absorption coefficient (left) and absorbed intensity (right) for iron at melting temperature, Rominger et al., 2010. 
The decisive physical factor in the vaporization is the absorbed intensity Iabs. To calculate it, the intensity 
distribution I(x,y,z) must be multiplied by the angle-  
 increases the surface area illuminated by 
the laser also gets bigger. 
)cos()x(I),(AabsI   (1) 
This has the effect that the absorbed intensity in Fig. 9 (right diagram) for both beam sources increases as 
the feed rate rises owing to the decreasing mean angle of incidence. The greatest absorbed intensity is attained 
when the beam angle is vertical. As for this incident angle the intensity with the solid-state laser is about three 
times higher than with the CO2-laser. This possibly explains the different behavior of the two laser beam 
sources. 
Despite the formation of a vapor capillary a low angle of incidence of the laser radiation is produced on the 
capillary front by the step-like structures (Beyer, 95 or Rominger et al., 2010 or Berger et al., 2011) that form 
on its top side, leading to spatially and temporarily inhomogeneous absorption, Huegel, 2010 or Kaplan 2013. 
As a result, the absorption of intensity with the solid-state laser is locally very high on the step-like structures, 
which in particular at high output densities causes the melt to overheat and metal vapor to be released. The 
vaporization pressure moves the melt vertically downwards which results an undercurrent of the capillary, 
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Berger et al., 2011 or Rominger, 2012. Due to the less absorbed intensity at perpendicular incident angle of 
CO2-laser compared to SSL the melt is less overheated. Thereby the impulse in beam propagation and the 
resulting melt flow vertically downwards the undercurrent of the capillary is less pronounced. Additionally, a 
strong lighting gets observable in the high speed recordings, when the laser beam is leaving the work piece 
(fig. 10).  
t1 t2
 
Fig. 10. High speed imaging (Setup 2) of the strong lighting while welding with CO2-Laser, when the laser beam is leaving the work 
piece. 
This lightning causes the melt to stay liquid after the laser beam has left the work piece already. Thereby it 
can be suggested, that at welding with CO2-Lasers a part of the laser beam is absorbed in this strong lightning, 
which would result in a more homogeneous coupling of the laser beam in the work piece, Beyer, 1995. 
5. Summary and Outlook 
It has been shown, that weld seams with excellent seam quality can be obtained for solid state lasers and 
CO2-laser. But both beam sources differ fundamentally in their process behavior during deep penetration 
welding in mild steel, whereby strong differences in robustness and seam quality occur. 
The CO2-laser yields a robust process over a wide range of speeds and produces a high-quality seam. In 
contrast to the CO2-laser, the seam quality produced by the solid-state laser (SSL) is generally more strongly 
dependent on the welding parameters and focusing conditions. The solid-state laser also reacts more 
sensitively to disruptions in the process. At speeds between 1 and 1.4 m/min, however, high-quality seams can 
be produced which meet the required strength properties, although this requires a higher output on the 
workpiece for a given feed rate than is the case with the CO2-laser. 
As mentioned in the introduction all the results shown in this work are applied to blind welds in mild steel. 
Further experiments show that those results can be directly assigned to butt joints. In addition, the behavior of 
SSL and CO2-laser in thick sheet welding is analyzed for further materials like stainless steel 1.4301 or duplex 
steel 1.4462. Thereby the resulting laser power bandwidth (LPB) of the SSL gets smaller in 1.4301. On the 
other hand it could be observed, that the LPB of the SSL increases strongly in 1.4462 and shows the potential 
of that beam source, Rominger et al., 2013. 
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